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Abstract: The development of "green" machine tools will require novel approaches for
design, production and operation for energy savings and reduced environmental impact.
Manufacturing processes carried out on machine tools are energy intensive. As machine
tools have become more advanced, their degree of automation has risen by adding
components such as tool change mechanisms or additional axes. Given the general trend of
increasing power demand of machine tools the cost that companies have to expend on
electrical energy will rise in the future. Furthermore, the external costs on the environment
rise, since currently the majority of electrical power is obtained from burning fosil resources.
A foreseeable shortage of fossil resources and a growing demand to include the external cost
of environmental damage in product prices are likely to increase the cost of electrical energy
for companies even further. Therefore, in order to maintain competitiveness and lower
costs, companies have to identify ways to decrease the energy consumed during
manufacturing for a given product.
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1. INTRODUCTION
The machining of a ceramic in the unfired state is called green machining. Green
machining of ceramics is done whenever possible since the machining of ceramics
after firing is very costly. The machining centers found in our plant are very similar
to those found in standard machine shops; CNC mills, and CNC lathes drilling
equipment, cut-off saws, surface grinders, rotary grinders, as well as many machines
that have been custom made in-house. However, the extremely abrasive nature of
ceramics requires the use of carbide and PCD tools and abrasive wheels (Diaz, Choi
& Dornfeld,  2010).
CVD diamond tools are a perfect match for machining unfired aluminum oxide,
tungsten cabide, silicon carbide, and other green ceramics. The abrasive nature of
these materials severely limits the life of carbide tools, and PCD diamond tools are
not available in the small, multi-flute configurations required for machining fine
detail. Tools with diamond on the surface wear longer and have a lower coefficient
of friction. These characteristics provide substantial benefit to the machining
operation. Because diamond tools last much longer—10 to 50 times the life of
carbide—they:
– Improve the dimensional accuracy and consistency of the machined parts
– Greatly reduce the number of tool changes, increasing productivity
– Increase machine utilization
– Allow much longer periods of unattended machining, e.g., overnight
– Quickly pay for themselves
The low friction of CVD diamond tools permits using speeds 2 to 3 times higher
than carbide—again contributing to productivity—with no degradation of surface
quality. The consistently sharp edge and low friction allows delicate, thin-wall
sections to be machined quickly and precisely at high rpm settings with reduced
feed rates.
2. MATERIALS AND METHODS
A major manufacturer of ceramic components for the semiconductor industry had a
problem making a gas diffusion furnace component with 24 slots cut at an angle
through the full depth of the part. Machining this part with uncoated carbide 3/8"
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endmills typically required 10 tools to complete one part. While the entire milling
operation— about 11/2 hours—ran under CNC control, the machinist had to
watch continuously for the onset of chipping as a tool wore out, since chipping or
cracking would invalidate the part—an expensive throwaway, especially if the part
was almost fully machined (Meyers, 1964).
A manufacturer of precision ceramic parts for semiconductor, electronics, and
medical device production switched to diamond tools to reduce tool change
downtime. Inserts are used for turning alumina billets, then endmills and drills are
employed for machining fine detail to tolerances on the order of 0.005". For a
typical job using a 0.200" diameter endmill, two parts can be machined with
carbide—vs. 800 parts with the diamond tool. Savings in downtime for tool
resharpening or replacement in this and other operations has allowed parts to be
made that would have been unprofitable with carbide tools. In this application the
diamond tools are run at speeds and feeds about 15% higher than carbide (Figure
1).
2.1. The green ceramic cutting process
In any machining process, a wear-resistant cutting edge separates material from the
workpiece because of the velocity of the cutting tool edge relative to the workpiece.
When cutting metals, intense heat causes plastic deformation, producing chips or a
curl of material. Green ceramic is different; it is machined by a process of fracturing
the material rather than a plastic deformation. The cutting edge crushes the ceramic
just ahead of the tool edge as it moves through the material. This forms small
particles, resulting in ceramic powder as an end product rather than chips or a curl,
as when cutting metal. The ceramic cuttingprocessdoesnotgenerate
hightemperatures. Attention must be paid to the avoidance of chipping at the edge
of a workpiece and development of internal cracking caused by compressive stresses
(Young, Omatete & Janney, 1991).
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Figure 1. In turning soft alumina, diamond inserts last almost indefinitely.
When cutting metals, the intense heat that is generated results in tool wear
increasing rapidly with increase in cutting speed. The absence of elevated
temperatures when machining green ceramic essentially eliminates speed as a
contributor to tool wear.
Because small feeds and depths of cut do not lead to increasing the crushing effect
on green ceramic, tool wear will advance rapidly with light feed, but stabilize as feed
is increased. As the cutting action moves toward producing larger cracks and
particles of removed material, flank wear of the cutting tool edge stabilizes.
Therefore, in addition to increasing the volume of material removed, increasing feed
can extend tool life. The depth of cut should not exceed one-third of the tool
diameter. Increasing the depth of cut to one-half the tool diameter will.
The residue frommachining green ceramic will range from small particles (0.001" –
0.005") to fine dust. Adust collection system employing high velocity air is
commonly used. A minimum air velocity of 500 ft/min is needed to capture the
dust at the machining location. After capturing the dust an even higher velocity of
2000 ft/min should be used to prevent dust from settling in the exhaust ducts.
Screening should be used in advance of the dust filters to catch large particles which
might damage the filter system. The primary precaution is to avoid excessive
clamping pressure. While the composition of green ceramics can range from “fairly
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strong” to “very soft”, all workpieces must be viewed and treated as easily crushable.
Unlike metals (aluminums, coppers, etc.) which can take on permanent warpage
and deformation, green ceramic will fracture, especially parts with thin walls, and
rods with a high length/diameter ratio. Vacuum chucks and fixtures are the
preferred method of holding workpieces. Vacuum works well for normal forces; for
lateral forces a mechanical stop is required (Dahmus & Gutowski, 2004).
Mechanical stops and clamps should be cushioned using PVC electrical tape.
Neoprene should not be used as a cushioning or gripping material because it is too
soft, resulting in vibration of the workpiece. For turning, “pot” chucks made of a
compressible material such as Delrin or Nylatron work well. The workpiece is
inserted in the chuck's recess, and the chuck is then held and compressed in a
conventional 6-jaw mechanical chuck. The pressure of the jaws compresses the pot
chuck so as to grip the ceramic workpiece. To prevent slippage, the green ceramic
should be wrapped in emery cloth, with the abrasive surface on the outside and
double-sided adhesive tape between the emery cloth and the workpiece. Minimize
clamping pressure, relying on vacuum retention and methods such as emery cloth to
prevent slipping ( Trent, 1991).
2.2. Endmilling, drilling and profiling green ceramic
Use square endmills with a small radius whenever possible. Diamond tools are more
brittle than carbide and sharp corners may break upon entry into a cut at high feed
rates. A radius of 0.010" to 0.015" will greatly strengthen the tool, providing extra
durability. For roughing at high feed rates 2-flute endmills should be used to
minimize the possibility of tool breakage fromflute packing. For general purpose
and finish cutting use 4 flutes; the cost for a CVD diamond endmill is the same,
regardless of flute count. Improved surface finish and longer life usually result from
multiple flutes in finishing operations.
Starting conditions for milling vary considerably for green ceramic, but generally
200 sfm and 0.002 inches per flute per revolution is a conservative starting point for
1/4" diameter and larger endmills. The table details recommended starting
parameters.
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The table shows starting machining parameters for drilling green ceramic. These
conditions will vary according to the grade of ceramic being machined and the set-
up and dust removal practices (Table 1).
Table 1. Starting parameters for drilling green ceramic
Drill diameter
inches (mm)
Peck size
inches (mm)
Cutting speed
sfm (m/min)
Feed rate
ipr (mm/rev)
1/32–3/16
(1.0–5.0)
1/128–3/64
(0.25–1.25)
.001–.003
(.025–.075
3/16–1/4
(5.0–6.0)
3/64–1/16
(1.25–1.5)
.002–.004
(.025–.100)
1/4–5/16
(6.0–8.0)
1/16–5/64
(1.5–2.0)
200-1000
(60-300)
9.002–.005
(.025–.130)
5/16–3/8
(8.0–10.0)
5/64–3/32
(2.0–2.5)
.002–.006
(.025–.150)
3/8–1/2
(10.00–12.0)
3/32–1/8
(2.5–3.0)
.002–.008
(.025–.200)
2.3. Turning and milling green ceramic with inserted cutters
Disposable inserts with a 1/64" to 1/32" nose radius are most effectively used for
turning and milling green ceramic. Apositive rake insert with a ground flank is
preferred. Finish can be improved by selecting the appropriate tool geometry and
feed rates. Larger nose radii will improve finish, but with increased tool pressure. A
smaller nose radius will relieve pressure, but feed must be reduced to achieve
comparable surface finish. DOC will not affect surface finish unless it causes excess
tool pressure resulting in vibration, or if it is too light (under 0.005") to remove an
adequate amount of material.
Breakout at the end of a pass is always a concern. This can be avoided by having a
chamfer cut at the end of the part to ease exit of the tool, or provide stock which
can later be cut off. Avoid square-nosed cut-off tools to prevent breaking prior to
completion of the cut. A 20° relief angle is recommended.
When machining long rods and cylinders, higher speeds and depths of cut can be
employed with higher strength materials.
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The following starting parameters are recommended for general purpose and finish
turning. When milling large surfaces or volumes, higher speeds and depths of cut
can be employed. Use higher strength materials when there are thin walls involved
(Table 2).
Table 2. Starting parameters for turning green ceramic
Operation Cutting speed
sfm (m/min)
Feed rate
ipr (mm/rev)
General purpose
Finish
100–500
(30–150)
.002–.010
(.050–.250)
DOC should always be maximized when possible, to reduce multiple passes. Lower
feed rates will allow holding deeper cuts. Feed rates of 0.004"/tooth/revolution for
roughing and between 0.0005" and 0.002"/tooth/revolution for finishing might be
necessary.
For multiple-pocket milling cutters it is recommended that axial alignment be used
to align all inserts within ±0.0002" for best results. This will improve surface finish
and reduce insert wear, as all the inserts will be cutting equally.
The following starting parameters are recommended for general purpose and finish
milling (Table 3).
Table 3. Starting parameters for milling green ceramic
Operation Cutting speed
sfm
Feed rate
in/tooth (mm/tooth)
General purpose
Finish
500–1000
(150–300)
.002–.006
(.050–.150)
3. RESULTS AND DISCUSSION
Green machining in the more demanding interrupted cutting environment calls for
a tougher grade of hard tool material. For this, the solution can be selection of plain
cemented carbide, K-type grade of tools. However, the application of such tools can
be with only a lower order of cutting speeds, the limitation being due to cutting
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temperature. In order to overcome this, one can make use of K-type coated
cemented carbide tools.
Ultra-hard tool materials such as diamond and cubic boron nitride (CBN) cutters
have been found to produce better machined surface characteristics, with
considerable increase in tool life due to their higher hardness and thermal
conductivity. Diamond and CBN, being super-hard materials, have found
numerous applications as cutting tools. Diamond and CBN are very similar in
many ways. They share the same crystallographic structure and exhibit high values
of thermal conductivity. However, diamond oxidises in air and is subjected to
graphitisation, loosing its form stability, thus limiting its application to relatively
lower temperature situations.
The quality of a machined surface, especially in turning, depends largely on the
form stability of the cutting tools. During turning, the cutting tool replicates its
nose on the work surface, resulting in the formation of the surface texture (Figure
2). From the surface texture point of view, an ideal tool is one that is able to sustain
the replication of the cutting nose. Hence, the performance of the tool or the
quality of the machined surface texture is largely dependent on the form stability of
the cutting tool. Form stability is largely influenced by the different forms of tool
wear. The quality of a machined surface is important whilst evaluating the reliability
and functional life of a structure. In addition, inappropriate selection of a tool
material can result not only in surface deterioration but also in increase the tooling
costs. Therefore, knowledge of cutting tool materials and the nature and quality of
the surface that they produce is of considerable importance (Sreejith & Ngoi,
2000).
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Figure 2. Typical illustration of surface production in machining.
(Santhanakrishnan, 1994)
For achieving the desired results in machining, one has to be well informed
regarding both the work material and the cutting tools. The tools used for dry
machining have to suit some specific requirements. The options available under
these include the following:
1. The use of very high positive rake angles (30°) on submicron cemented carbide
tools, which will reduce the overall cutting energy significantly.
2. The development of refractory-type tool materials that can withstand high
temperatures.
3. The use of ultra-hard tool materials such as diamond and CBN.
4. The development of coatings on tools that can withstand high temperatures and
at the same time provide a lubricating effect to reduce friction.
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4. CONCLUSION
1. The Green Machine is a machine that is able to unsure a green process.
2. The high performance machine can be also a green machine (reduction of
cycle time) if the development is done taking into account the Eco-
Evaluation.
3. There is a drastical difference in the spent effort among the different cutting
processes: in the future it is expected high improvement in the processes not
yet optimized.
4. For the other, only radical innovation in the technology-process chain can
improve the eco impact.
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